This paper describes how capacitance-voltage (C-V) and Kelvin probe (KP) measurements can be combined to determine the magnitude and centroid of the electric charge in a thin-film insulator. The technique is demonstrated on three films of relevance to silicon solar cells: aluminium oxide, amorphous silicon nitride and silicon dioxide. Since the charge within these films is of different magnitudes, locations and polarity, they offer a good selection with which to demonstrate the combined C-V and KP technique.
Introduction
The application of charged thin-film insulators to Si solar cells has been of interest for many decades. They have been used to induce the inversion layer in MIS solar cells [1] [2] [3] , and to enhance surface passivation [3, 4] . The best known charged films are amorphous silicon nitride (SiN x ) [2, 4] and aluminium oxide (Al 2 O 3 ) [2, [5] [6] [7] [8] ; after certain deposition and annealing conditions, these thin films are instilled with a very high and stable charge density, where the polarity of SiN x is positive, and Al 2 O 3 negative. Two other noteworthy films are silicon dioxide (SiO 2 ), which can be made either positive or negative [9] [10] [11] , and titanium dioxide (TiO 2 ), which can have a high negative charge when deposited or annealed at 200-300 ºC [12, 13] .
The development of charged thin films is aided by an accurate measure of the charge density Q i and its location within the film. In the photovoltaic (PV) industry, Q i has often been assessed with capacitancevoltage (C-V) and Kelvin probe (KP) measurements, but alone neither technique can determine the magnitude of Q i unless its distribution within the insulator is known. For C-V measurements, it is therefore typical to determine an effective charge density Q eff , calculated as if all of the charge resides at the insulator-semiconductor interface; in this case, Q eff provides a lower limit to Q i . Conversely, for KP measurements, Q eff is often calculated as if all charge resides at the surface of the insulator, which also provides a lower limit to Q i . Another method to determine Q i is the measurement of effective carrier lifetime on samples submitted to a range of corona discharge [14, 15] . When the applied charge density perfectly compensates Q i , a minimum in carrier lifetime is observed (corresponding to a maximum in surface recombination). A similar technique replaces the corona charge with a voltage applied to a thin metal gate on the insulator surface [16] . This approach has been used to approximate the charge density in SiO 2 [14, 16, 17] , SiN x [17, 18] and Al 2 O 3 films [18] [19] [20] . The disadvantage of this method is its potential to alter the properties of the insulator or the insulator-semiconductor interface during the corona discharge; it also assumes that the surface recombination is maximum when the applied charge equals -Q i , which is not necessarily the case. This paper describes how C-V and KP can be employed in tandem to determine Q i , and to gain some knowledge of its distribution within a film. We first present the theory that underlies the combined application of C-V and KP measurements, and then describe the relationship between the accuracy of the application and the density of states at the interface between the thin film and the semiconductor. This is followed by a demonstration of the technique on three films commonly applied to silicon solar cells: Al 2 O 3 , SiN x and SiO 2 . Since the charge within these films is of different magnitudes, location and polarity, they offer a good selection with which to assess the combined C-V and KP technique.
Nomenclature

V FB
Flat-band voltage of a C-V measurement V KP Voltage between the Kelvin probe and the semiconductor during a KP measurement Q i
Charge density within the insulator Q itFB
Charge density due to interface trapped charge at flat band Q itKP
Charge density due to interface trapped charge during a KP measurement
E(x)
Electric field as a function of distance x
(x)
Electric potential as a function of distance x  s Electric potential at the semiconductor-insulator interface
Electric potential in the insulator due to Q i  i
Permittivity of the insulator t i
Thickness of the insulator
Location of the centroid of Q i  msCV Work function difference between the metal and semiconductor during the C-V measurement  msKP Work function difference between the metal and semiconductor during the KP measurement
Theory
The complementary nature of C-V and KP measurements can be construed from Fig. 1 , which plots (x), E(x) and (x) of a semiconductor-insulator structure for (a) a C-V measurement under the flat-band (FB) condition, and (b) a KP measurement. Here, (x) is the charge distribution in C/cm 3 , which relates to Q as (x)dx; E(x) is the electric field; and (x) is the electric potential. For simplicity, the example of Fig. 1 has a positive and uniformly distributed insulator charge Q i ; it is identical in each diagram because Q i is unaffected by band bending in the semiconductor. The figure also includes the interface trapped charge Q it , which is necessarily less positive for the KP measurement than it is for the C-V at FB measurement; this is because Q it depends on band bending (i.e. the potential at the semiconductorinsulator interface  s ) [21] , and any change in Q it opposes the charge that caused it (which in this case is a positive Q i ). Fig. 1 . The relationship between the charge density distribution (x), the electric field E(x), and the electric potential (x) in a semiconductor-insulator structure during (a) a C-V measurement at flat band (FB), i.e., when (x) is constant within the semiconductor; and (b) a KP measurement, i.e., when (x) is constant within the air gap between the insulator and the Kelvin probe. Q is defined as (x)dx and has the dimensions C/cm 2 . For clarity, this diagram depicts a positive and uniformly distributed Q i (which is rarely the case in practice), and it omits any difference in work function between the metal and semiconductor. Q it is not the same for the C-V and KP measurements. The 
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where t i and  i are the thickness and permittivity of the insulator, respectively;  s is the potential at the semiconductor-insulator interface, which relates to both Q i and Q it in the manner described in [21] ; and  msCV and  msKP are the differences in the work function between the metal and semiconductor for the C-V and KP measurements (omitted from Fig. 1 ). Note that it is assumed that  it (x) and  m (x) are delta functions centred precisely at the interfaces, and that the materials are linear dielectrics.
In practice, we do not know  i (t i ) because we do not know the distribution  i (x). We therefore cannot determine Q i from either Eq. 1 or Eq. 2 independently. But  i (t i ) can be eliminated by combining Eqs. 1 and 2 to give
Unfortunately, Eq. 3 is not explicit because  s depends on Q i + Q itKP [21] . A second complication is that Q itFB on the LHS of Eq. 3 relates to the flat-band C-V measurement, whereas  s depends on Q itKP of the KP measurement. Thus, when  s is significant, it is also necessary to assume some difference between Q itKP and Q itFB , thereby introducing uncertainty into the solution.
Equation 3 shows that (Q i + Q itFB ) can be determined by measuring V FB and V KP on identically prepared samples with a known ( i /t i ),  msCV and  msKP , and by determining  s in the manner described in [21] . Moreover, when the charge density is of a single polarity (i.e.,  i (x) is either entirely positive or negative), one can also determine the location of the centroid of Q i within the insulator x c . In this case, the centroid relates to the potential across the insulator as  i (t i ) = Q i (t i  x c ) / i , and therefore substitutes into Eqs. 1 and 2 to give
(4)
Thus, for a given Q itFB , one can determine (x c /t i ) from either Eq. 1 or 2. Since the determination of Q itFB is particularly difficult (as it is for Q itKP ), it is clear that the evaluation of Q i with C-V and KP measurements benefits greatly when interface charge is relatively small. The use of carrier lifetime measurements in addition to C-V and KP can assist in gauging the magnitude of the density of states [22] , and therefore provide an estimate of Q itFB and Q itKP .
The relationship between x c and the results from the KP and C-V measurements is now stated for a few specific cases, where it is assumed that Q i ≫ Q itFB , Q itKP , and that the charge is of a single polarity. 1) (V KP  s   msKP /q) = 0 indicates that x c = 0, i.e., the semiconductor-insulator interface. Since Q i cannot exist in the semiconductor, all charge must therefore reside at the interface. This case does not require Q i ≫ Q itFB . 2) (V FB  msCV /q) = 0 indicates that x c = t i , and all Q i must exist at the insulator surface.
3) (V KP  s   msKP /q) = (V FB  msCV /q) indicates that x c = t i /2, i.e., the midpoint of the insulator. This is consistent with Q i having a uniform distribution, although other distributions are possible.
indicates that x c is nearer the semiconductor-insulator than the insulator surface. 5) (V KP  s   msKP /q) < (V FB  msCV /q) indicates that x c is nearer the insulator surface than the semiconductor-insulator. 6) (V KP  s   msKP /q) = (V FB  msCV /q)  0 indicates that the net charge Q i is zero but that there must be charge of both polarities present in the insulator.
Experimental demonstration
The dual application of C-V and KP measurements is now demonstrated on three insulating films common to the PV industry. The results are listed in Tables 1 and 2 . Since the properties of thin films depend strongly on deposition conditions, post-deposition anneals, and environmental effects, the results in Table 2 should not be considered representative of the films. Nevertheless, the results for (Q i + Q itFB ) do fall within an expected range for each film.
A thorough investigation of the uncertainties in (Q i + Q itFB ) and (x c /t i ) is beyond the scope of this work. In general, we expect the more prominent sources to relate to the work functions of the metals and the semiconductor in the measuring environment [23] , to the difference between Q itFB and Q itKP (and hence the calculation of  s ), to V FB when the C-V curve exhibits hysteresis, and to an accurate measure of V KP . As evident in Eqs. 3 and 4, any error in  i and t i is irrelevant when ( i /t i ) can be accurately determined from the accumulation capacitance of the C-V curve, and when  i does not vary between accumulation and FB. In a similar vein, the error introduced by the silicon work function  s cancels in Eq. 3 (but not Eq. 4) when it can be assumed that  s is the same for both the KP and C-V measurements. In relation to the error in  s introduced by a difference between Q itFB and Q itKP , this difference depends on the band bending in the KP measurement induced by Q i + Q itKP , and will be larger when the bending causes the Fermi level to approach a band edge where there is a larger density of interface states. It follows that when Q i is positive, the difference between Q itFB and Q itKP will be smaller when the semiconductor is ptype, and when Q i is negative, the difference will be smaller when the semiconductor is n-type. 
± 0.15% ± 0.005 ± 0.06 ± 0.14 -0.86 ± 0.22 +0.22 ± 0.23 SiNx ± 17% ± 0.005 ± 0.10 ± 0.14 -0.23 ± 0.22 +0.85 ± 0.23 SiO2 ± 5% ± 0.005 ± 0.10 ± 0.14 -0.14 ± 0.22 -0.14 ± 0.22 In the examples that follow, the uncertainty in the work functions of the metals and the electron affinity of the silicon is taken from [23] . It is assumed that the uncertainty in  s for C-V and KP measurements cancel when using Eq. 3 (i.e., that the electron affinity of the Si is the same for C-V and KP). Estimates for the other uncertainties are listed in Table 1 , where the error in  i /t i relates primarily to uncertainty in the area of the Al gate and, to a lesser extent, to the accumulation capacitance. Finally, we assume that Q itFB = Q itKP ; the error contained in this assumption is not represented by the uncertainty in our results for (Q i + Q itFB ).
Experimental details and comments on the technique are now presented for each of the three films. We note that for several of the examples that follow there is a large experimental uncertainty in the centroid. This is primarily because the error in  s does not cancel in the calculation of x c /t i as it does for Q i + Q itFB . The uncertainty in x c /t i is also large when the relative uncertainty in the charge density is large, as is the case for the uncharged SiO 2 .
Al 2 O 3
An Al 2 O 3 film with a thickness of ~35 nm was deposited on a 0.8 -cm p-type (100) FZ silicon wafer by CVD at ~400 ºC and annealed in nitrogen for 30 minutes at 400 ºC. Circular Al gates were then evaporated onto the Al 2 O 3 , each with an area of 3.310 -3 cm 2 , and Al was evaporated onto the rear of the wafer to provide ohmic contact to the Si. C-V measurements were taken by probing the Al gates, and KP measurements were taken by probing the areas between the Al gates. The average results from the measurements are listed in Table 2 . Table 2 indicates that V FB - msCV is large and positive (+1.95 V), as is commonly measured for annealed Al 2 O 3 [7, 24] . In several studies, Q i + Q itFB has been calculated from V FB - msCV by assuming that all charge lies at the semiconductor-insulator interface [2, [5] [6] [7] 24] ; there is strong evidence that the charge lies near or at this interface (though some experiments suggest otherwise) [25] [26] [27] [28] [29] [30] [31] . By employing the KP measurement in tandem with the C-V measurement, the location of the charge need not be assumed to determine Q i + Q itFB , and the centroid of the charge density can also be assessed.
We find that for our Al 2 O 3 film, (V KP - msKP - s ) is relatively small (+0.25 V). This indicates that the centroid of the charge is, as most studies show, near the semiconductor-insulator interface. In fact, if it is assumed that Q itFB is negligible and that the insulator charge is all of the same polarity (negative), then the centroid lies between x c /t c = -0.33 and +0.02. Since a negative x c implies the centroid of the insulator charge Q i lies within the silicon, which clearly cannot be the case, it is reasonable to conclude that if there is no positive charge in the Al 2 O 3 , all Q i lies very close to the Si-Al 2 O 3 interface. Note that the magnitude of x c /t c would be smaller, and Q i would be larger, if Q itFB were significant and positive.
We conclude from this experiment that Q i + Q itFB is -(2.3 ± 0.1)10 -12 cm 2 , and that Q i lies predominantly near the Si-Al 2 O 3 interface. The results are consistent with several other measurements of annealed Al 2 O 3 on Si determined by alternative methods [19, 24] .
SiN x
An amorphous SiN x film with a thickness of ~85 nm was deposited on a ~25 -cm n-type (100) FZ silicon wafer by PECVD at ~400 o C. C-V and KP measurements were taken in the same way as described for Al 2 O 3 , and the results are presented in Table 2 . We find that Q i + Q itFB is +(0.7 ± 0.2)10 -12 cm 2 , and that Q i lies predominantly near the Si-SiN x interface. These results are consistent with other measurements on PECVD SiNx films [4, 32] . Notice that  i /t i is smaller for the SiN x than for Al 2 O 3 , and therefore the C-V and KP measurements have less sensitivity to the charge.
SiO 2
When grown and annealed at high temperature, thermal SiO 2 is well known to have a low positive charge in the vicinity of (5-20)10 10 cm -2 [4] . Less appreciated in the PV industry is that SiO 2 also has the capacity to be highly charged with either a positive or negative polarity [9] [10] [11] . For example, we have demonstrated that a surface charge deposited by corona discharge can be redistributed into the SiO 2 by submitting the sample to a rapid-thermal anneal (RTA) in N 2 [33] , and that the charge is then stable for at least several months under room conditions [34] . Table 2 presents the results of the KP and C-V measurements associated with this work.
Pertinent to this paper, the principle conclusion from the experiment is that the magnitude of both (V KP - msKP - s ) and (V FB - msCV ) increase substantially with charging time. Consequently, Q i cannot be located entirely at the SiO 2 surface or at the Si--SiO 2 interface, and the magnitude of Q i cannot be accurately determined by KP or C-V alone. Instead, Eq. 3 must be employed to determine Q i .
As with the preceding measurements on Al 2 O 3 and SiN x , a difficulty in this experiment is that the interface charge, Q itFB , is unknown. In this case, however, it is possible to place an upper limit on Q itFB since it must be approximately constant for the various durations of corona charge. This is because (i) little or no damage is incurred at the interface during the corona discharge [33] and (ii) there is necessarily no change in band-bending at FB for the various C-V measurements. Consequently, an upper limit to Q itFB of +3×10 11 cm -2 is inferred from the measurement of the sample that received no corona charge.
Having determined Q i + Q itFB with Eq. 3, we can also comment on the distribution of the charge embedded in the SiO 2 after RTA by applying Eq. 4. Firstly, since neither (V KP - msKP - s ) nor (V FB - msCV ) is zero, Q i cannot be located entirely at the surface of the SiO 2 or at the Si-SiO 2 interface; and since the magnitude of these terms are not equal, we also know that Q i is not uniformly distributed within the SiO 2 . As shown in Table 2 , we find that the charge centroid is nearer the Si-SiO 2 interface than the SiO 2 surface for increasing charging times. We also note that for the uncharged film, the error in x c is too large to comment on the location of Q i within the SiO 2 .
Conclusion
We have described how C-V and KP can be employed in tandem to assess the magnitude and centroid of Q i . The theory was described, the experimental uncertainties were discussed, and the technique was demonstrated on three films: Al 2 O 3 , SiN x and SiO 2 .
